Abstract
Introduction
Chemotherapy is a frontline treatment of breast and other epithelial malignancies, particularly those that are not resectable. Treatment of measurable tumors with chemotherapeutic drugs results in three outcomes: no response occurring in 5% to 10% of breast cancer (BC) patients [1, 2] , a complete response (CR) occurring in 10% to 20% of patients [1, 2] , and a partial response (PR) defined as more than 50% of the tumor reduction in response to therapy [1] . PR is the most common outcome with 50% occurrence in patients in the neoadjuvant setting with noninvasive BC [1] and higher frequency in patients with metastatic disease, triple-negative, and therapy-resistant tumors [3] . Incomplete responsiveness to cytotoxic drugs is one of the main reasons for increased mortality due to uncontrolled tumor growth. Delineating the mechanisms underlying PR holds the promise to identify the reasons for tumor resistance to chemotherapy and the potential to improve the efficacy of anticancer drugs.
One of the reasons for tumor chemoresistance is overexpression of P-glycoproteins that pump out cytotoxic drugs, thus preventing intracellular accumulation of the lethal dose [4] . Another mechanism is mediated by vascular endothelial growth factor A (VEGF-A), an angiogenic factor [5, 6] that protects tumor cells from apoptosis through autocrine activation of VEGF-A receptors expressed on tumor cells [7] . VEGF-A is upregulated by various chemodrugs including paclitaxel [8] , docetaxel [8] , carboplatin [9] , cisplatin [10] , 5-fluorouracil [11] , dacarbazine [12] , and anthracyclines [13] . Although the mechanism by which these drugs elicit VEGF-A expression is unclear, it might occur through activation of NF-κB [14] and PI3K/AKT pathways [15] that are induced by chemotherapy in both malignant [10, 11] and endothelial cells [9] . The crucial role of VEGF-A in chemoresistance was shown in both preclinical [16, 17] and clinical studies [18, 19] demonstrating superior efficacy of chemodrugs when combined with anti-VEGF-A antibody. In particular, the combination of the anti-VEGF-A antibody, bevacizumab, with 5-fluorouracil, leucovorin, oxaliplatin, or irinotecan, showed an additive or synergistic effect [17] . The E2100 trial also showed that paclitaxel/bevacizumab therapy increased a response rate and significantly prolonged patient survival compared with paclitaxel treatment alone [20, 21] . In addition, bevacizumab combined with other taxanes improved the outcome in patients with ovarian tumors, although this benefit was short-lived [18] .
Of various taxanes, paclitaxel, a microtubule-stabilizing cytotoxic agent, is widely used against metastatic and refractory tumors [22] . The clinical use of Cremophor-based paclitaxel (Taxol) has been recently improved by formulating it as Cremophor-free, albumin-bound 130-nm nanoparticles coined nab-paclitaxel or Abraxane [23, 24] . Nab-paclitaxel demonstrated several advantages over Cremophor-based paclitaxel in clinical [22, 25] and experimental [26, 27] studies owing to albumin encapsulation of the active component allowing for delivery of a high dose of paclitaxel without the use of solvent [28] . This leads to dose-proportional pharmacokinetics, higher maximal tolerated dose (MTD), and improved efficacy [22, 29] . Nab-paclitaxel treatment of metastatic BC patients demonstrated a higher response rate and longer time to progression when compared with Cremophor-based drug [28, 29] . The superior efficacy of nab-paclitaxel versus conventional paclitaxel was also shown in preclinical xenograft models demonstrating increased incidence of tumor regressions, longer time to recurrence, and extended survival [26] . These advantages are related to the improved delivery of nab-paclitaxel compared with solventbased paclitaxel, leading to 33% increased intratumoral concentrations and doubling of the MTD [26] .
We recently demonstrated that nab-paclitaxel efficacy is further improved by coadministration of anti-VEGF-A antibody [16] . It was shown that combined nab-paclitaxel/bevacizumab therapy eradicated small-sized (150-200 mm 3 ) orthotopic breast tumors in 40% of the mice and reduced metastatic incidence [16] . Whereas these results were encouraging, the models of small-sized tumors may not adequately reflect the clinical challenges in patients who present with advanced tumor burden and preexisting metastases. In the present study, we allowed luciferase-tagged MDA-MB-231-Luc + and MDA-MB-435-Luc + tumors to reach 450 to 600 mm 3 before initiating treatment. In these tumor models, 100% of the animals exhibited preexisting metastases in both lung and lymph nodes (LN). The results showed that bevacizumab combined with nab-paclitaxel at 10-and 30-mg/kg doses eradicated large 231-Luc + tumors in 33% and 71% of mice, respectively. Although no complete eradications were achieved in the 435-Luc + model, the combined treatment resulted in 94% tumor inhibition and prolonged time to progression for more than 80 days. Importantly, in both models, the combined therapy substantially decreased the incidence and the burden of preexisting pulmonary and lymphatic metastases. Collectively, these data suggest that the combination of bevacizumab and nab-paclitaxel can be effective in eradicating advanced tumors and preexisting metastases in human cancer patients.
Materials and Methods

Materials
Dulbecco modified Eagle medium and standard additives were obtained from Lonza (Basel, Switzerland). Ketamine and xylazine were from Phoenix Scientific (St Joseph, MO). Endotoxin-free sterile 150 mM NaCl solution (saline) and protease inhibitors were from Sigma (St Louis, MO). Matrigel was from BD Bioscience (Franklin Lakes, NJ).
Antibodies
Primary rabbit anti-Bcl-xL, anti-Akt, anti-p-Akt, anti-p44/42, anti-p-p44/42 anti-p50, anti-p-p50, anti-p65, anti-p p65, anti-VEGF-A, and anti-Bcl-2 antibodies were from Cell Signaling (Danvers, MA) and Thermo Scientific (Waltham, MA). Mouse-anti-β-actin ( JLA20) was from Developmental Studies Hybridoma Bank (Iowa City, IA). Antirabbit and antimouse secondary antibodies were from Jackson ImmunoResearch (West Grove, PA).
Study Drugs
Paclitaxel albumin-bound particles for injectable suspension (nabpaclitaxel; Abraxane) was obtained from Abraxis BioScience (Los Angeles, CA). Drugs were reconstituted in saline, prepared fresh daily, and given within 1 hour of preparation. Bevacizumab (Avastin), humanized anti-VEGF-A antibody, manufactured by Genentech (San Francisco, CA), was obtained from a local pharmacy.
Human MDA-MB-231 and MDA-MB-435 Carcinoma Cell Lines and Their Luciferase Derivatives
Luciferase-tagged subline of MDA-MB-231, designated 231-Luc + , has been extensively characterized in previous studies [16, 30] . Luciferasetagged MDA-MB-435 subline, designated 435-Luc + , was a generous gift from Dr Sierra (Universitaria de Bellvitge, Barcelona, Spain) and described elsewhere [16, 31] . Cells were cultured in Dulbecco modified Eagle medium supplemented with 5% fetal bovine serum and standard additives and were subcultured by using 0.5 mM EDTA diluted in phosphate-buffered saline (PBS).
Mouse Orthotopic Models of Human BC
Orthotopic 231-Luc + and 435-Luc + tumor models were previously described [16, 30] . Briefly, 4 × 10 6 cells suspended in 50% Matrigel were implanted into the mammary fat pad (MFP) of 4-to 6-weekold female SCID mice (National Cancer Institute, Frederick, MD). Every 2 to 3 days, perpendicular tumor diameters were measured by digital caliper and used to calculate tumor volume according to the formula: volume = Dd 2 π/6, where D indicates the larger diameter and d indicates the smaller diameter. Animal care was in accordance with institutional guidelines.
Treatment with Nab-paclitaxel and Bevacizumab
Mice bearing advanced 231-Luc + or 435-Luc + tumors (450-600 mm 3 ) were randomized into groups (7-16 per group) and treated with saline (control), nab-paclitaxel alone (10 or 30 mg/kg, intravenously [i.v.], daily for five consecutive days), bevacizumab alone (4 mg/kg, intraperitoneally [i.p.], biweekly), or nab-paclitaxel combined with bevacizumab. Nab-paclitaxel course was repeated twice with one rest week between the courses. Bevacizumab treatment consisting of 4-mg/kg dose in saline (0.1 ml) injected i.p., biweekly, for the study's duration, began 24 hours after the first nab-paclitaxel injection. Control group received saline (0.1 ml), injected i.v. or i.p. on the same days as nab-paclitaxel and bevacizumab treatments, respectively. Mice were killed when tumor volumes in the control group reached 1800 mm 3 . Metastasis was measured by luciferase activity in tissue extracts of the axillary, brachial, inguinal LNs, and lungs.
Time Course of Metastatic Progression
Mice with orthotopic 231-Luc + tumors were randomized into groups (n = 4-8) and killed when average tumor volumes reached 100, 150, 250, 500, 1000, and 1800 mm 3 . Metastasis was determined by measuring luciferase in tissues extracts of ipsilateral and contralateral LNs, lung, brain, heart, kidney, MFP, and ovaries.
Optimization of the Combined Nab-paclitaxel/Bevacizumab Regimen
Mice with orthotopic 435-Luc + tumors were randomized into four groups (n = 8 per group) when tumor volume reached 450 mm 3 . Group 1 received saline; group 2 was treated with three courses of nab-paclitaxel (10 mg/kg) followed by bevacizumab administrated after cessation of chemotherapy; group 3 was concurrently treated with nab-paclitaxel and bevacizumab, with both drugs being discontinued on cessation of chemotherapy; and group 4 was concurrently treated with nab-paclitaxel and bevacizumab with continued bevacizumab treatment for the study's duration. Nab-paclitaxel was administered for three courses with one rest week between courses. Bevacizumab was administered biweekly (i.p.) at 4 mg/kg. The study was terminated 40 days after the third nab-paclitaxel course.
Determination of Metastatic Burden
Luciferase activity was determined as previously described [16] . Briefly, tissues were homogenized in ice-cold cell culture lysis reagent buffer (Promega, Madison, WI) containing protease inhibitors. Luciferase Assay Reagent (50 μl) was mixed with lysates (10 μl) followed by luminescence detection using a luminometer (Berthold, Germany). Luminescence of buffer alone was subtracted from the results. Data are expressed as relative light units (RLUs) normalized per milligram of protein. Extracts with luminescence of 800 RLUs above background were rated as positive for metastasis.
Analysis of Cytokine Production Stimulated by Nab-paclitaxel 231-Luc + cells were seeded at a density of 4 × 10 5 per well and treated with 2.5, 5, 7.5, 10, or 30 nM of nab-paclitaxel for 72 hours, followed by collection of the conditioned medium. Cytokines were measured using the Linco High Sensitivity Human Cytokine Kit (Millipore, Billerica, MA) according to the manufacturer's instructions. Plates were quantified using the Luminex-100 system with Beadview software version 1.7 (Luminex, Austin, TX). Cytokine production was expressed as picograms per milliliter or nanograms per milliliter normalized per 1 × 10 6 cells. Each experimental condition was tested in triplicate and reproduced in two separate experiments.
Western Blot Analysis
Equal protein amounts of lysates from individual mice were combined per group for Western blot analysis of 231-Luc + tumors. Lysates of 231-Luc + cells treated with 0, 2.5, 5, 10, or 30 nM nab-paclitaxel were harvested after 8, 24, and 48 hours in lysis buffer (50 mM TrisHCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, phosphatase, and protease inhibitors). Proteins were separated in 10% to 12% SDS-polyacrylamide gel and transferred onto nitrocellulose membranes followed by overnight incubation with primary antibodies against NF-κB p50, p-p50, NF-κB p65, p-p65, p44/42, p-p44/42, Akt, p-Akt, Bcl-xL, Bcl-2, and β-actin. Membranes were incubated for 1 hour with HRP-conjugated secondary antibody before development with ECL (Pierce, Rockford, IL). Protein bands were visualized using a Fujifilm LAS-3000 camera (Fujifilm, Valhalla, NY ), and densitometry was analyzed with Image-Reader LAS-3000 software (Valhalla, NY ).
Immunohistochemistry
Frozen sections were fixed with 2% paraformaldehyde for 30 minutes and postfixed with ice-cold methanol. After rehydration in PBS containing Tween-20 (PBST), sections were incubated for 2 hours with primary antibodies (1:100 in PBST containing 0.5% bovine serum albumin), washed for 10 minutes in PBST, followed by 1-hour incubation with Cy3-conjugated antirabbit secondary antibodies. Slides were mounted with Vectashield containing 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). Images were acquired at a constant exposure on a DP71 camera mounted on an Olympus BX41 microscope using DP Controller software (Olympus, Center Valley, PA).
Fluorescent Intensity Measurements
Tumors harvested from mice treated for 5 days with saline or nabpaclitaxel (10 mg/kg) were stained with anti-VEGF-A antibodies. To limit nonspecific background, a constant exposure was set to above the level of tissue staining with secondary antibodies alone. Pixels with intensity less than 3.6 were excluded from analysis as background. Fluorescent images were converted to 8-bit grayscale, and the mean fluorescent intensity of VEGF-A staining from controland nab-paclitaxel-treated tumors (n = 3, 5 fields per section) ± SEM was calculated using the Plot Profile function of the ImageJ software (http://rsbweb.nih.gov/ij/). Plots of fluorescent staining intensity were generated using the 3D Interactive Surface Plot function of ImageJ.
Statistical Analysis
Statistical analysis was performed using SPSS 14.0 (SPSS, Chicago, IL). Results are expressed as mean ± SE. Statistically significant differences in tumor volume among experimental groups were determined by Student's t test. The synergistic effect of combined therapy was assessed using CompuSyn (CompuSyn, New York, NY), a software program based on the calculations for synergism developed by Chou et al. [32] . Statistically significant differences in incidence and burden of metastases were analyzed by nonparametric Fisher exact and Wilcoxon rank sum tests, respectively, because of the wide variability in metastatic burden among individual mice within the group. Metastatic burden values were log transformed and analyzed using variance test with Tukey follow-up comparison to assess the relationship between tumor size and metastatic burden.
Results
Establishment of Advanced BC Model with Preexisting Metastases
Unlike situations in the clinics, most experimental studies are performed in animals bearing palpable or small-sized tumors with volume of 50 to 150 mm 3 (Table W1 ). The discrepancy between a relative tumor size in cancer patients and experimental animals at the time of the treatment might result in the significant difference in tumor response to therapy. To better model tumor responses in human patients, we performed all studies in mice bearing tumors of 500 mm 3 in volume. To determine the extent and distribution of metastases in the advanced 231-Luc + model, we measured kinetics of metastatic spread at different time points after tumor implantation. To this end, LNs and major visceral organs were harvested from mice (four to eight mice per group) bearing orthotopic 231-Luc + tumors of approximately 100, 150, 250, 500, 1000, and 1800 mm 3 . Even at the earliest stage of tumor progression (tumor volume ∼100 mm 3 ), most mice (75%) had already LN metastases. By the time tumors reached 250 mm 3 , 100% of the mice had metastases in both LN and lungs ( Figure 1 and Table 1 ). At the tumor volume of 485 mm 3 , widespread distant metastasis was detected in the brain, heart, kidney, contralateral MFP, and ovary (Table 1 ). This kinetics demonstrates that therapies applied to tumors of 450 to 500 mm 3 target preexisting LNs and distant metastases rather than prevent their dissemination. Because all experiments in this study were performed in mice with tumors equal or larger than 500 mm 3 , this model of advanced BC with preexisting metastases is much more akin to the clinical situation.
Nab-paclitaxel and Bevacizumab Act Synergistically to Suppress Tumor Growth in Orthotopic Models of Advanced BC
To analyze the effects of nab-paclitaxel/bevacizumab combination therapy, we used previously described luciferase-tagged orthotopic BC models, 231-Luc + and 435-Luc + [16, 30] . Mice were treated with 10 mg/kg or the MTD of nab-paclitaxel in mice, 30 mg/kg [33] . Bevacizumab was administered i.p., 4 mg/kg, biweekly, for the experimental duration. Two independent experiments were performed using 231-Luc + and 435-Luc + models with 7 to 16 mice per group (Table 2) .
The patterns of responses of 231-Luc + and 435-Luc + tumors were similar except that 435-Luc + tumors were more sensitive to VEGF-A depletion but more resistant to nab-paclitaxel than 231-Luc + tumors. Compared with the control group, bevacizumab alone inhibited growth of 435-Luc + tumors by 52% but had insignificant effect on Table 2 ). Despite significant tumor suppression in both models by the 30-mg/kg dose, tumors recurred in all mice within 2 weeks after cessation of therapy and, by the end of experiments, approximated the size in saline-treated mice ( Figure 2D ).
The response to chemotherapy including reduced incidence of tumor recurrence was significantly improved in mice receiving both bevacizumab and nab-paclitaxel. In the groups receiving the 10-mg/kg dose, the extent of tumor inhibition was raised from 70% to 77% to 91% to 98%, and tumor growth delay (TGD) extended from 38 to 42 days to longer than 80 days. Significantly, 33% mice (2/7) with 231-Luc + tumors had CRs. Nab-paclitaxel at 30 mg/kg combined with bevacizumab raised the response rate to 99%. Within this group, 71% of mice (10/14) had complete tumor eradication. This was verified by palpation, gross observations, and assessment of residual luciferase activity in the tumor-implanted MFP. A high incidence of tumor eradication by the combined therapy was reproduced in two independent experiments (n = 14), both of which yielded statistically significant differences between nab-paclitaxel alone and the combined therapy, with P = .007 to P = .001 (Table 2 ). To assess whether the antitumor effect of the combined nab-paclitaxel and bevacizumab therapy was additive or synergistic, we used the CompuSyn software based on the calculations of synergy outlined by Chou et al. [32] for Taxol combined with other chemotherapeutic drugs. A comparison of tumor reduction by a singular drug versus combination therapy revealed a confidence interval of 0.002. On the basis of this software analysis, values less than 1 indicate the synergy between two drugs. Therefore, the antitumor effect of nab-paclitaxel and bevacizumab combined therapy is synergistic.
In summary, two courses of 30 mg/kg of nab-paclitaxel combined with bevacizumab inhibited advanced orthotopic 435-Luc + and 231-Luc + breast tumors by more than 90%, with complete eradication of Highlighted row indicates the average tumor volume at which treatment begins. *Tissue lysates were from axillary, brachial, and inguinal LNs from the ipsilateral or contralateral sides, one lung, one lobe of the liver, whole brain, whole heart, ipsilateral kidney, and ovary, and contralateral MFPs were assayed for luciferase activity. Samples with readings greater than 800 light units per 10-μl lysate were considered positive. Background luminescence was less than 100 light units and was determined from tissue lysates from non-tumor-bearing mice. Results are presented as number of mice with positive organs per total number of mice at each average tumor size. Percentage of positive mice in each group is noted in parentheses. † Average tumor volume in cubic millimeters. ‡ ILN, CLN, and cMFP denote ipsilateral lymph nodes, contralateral lymph nodes, and contralateral mammary fat pad, respectively. 
231-Luc
+ tumors in 71% of the mice. The treatment was well tolerated with no mortality or morbidity observed in any of the treated mice (approximately 130 mice in total). These data show in two orthotopic models that the combined nab-paclitaxel/bevacizumab therapy is effective against advanced breast tumors.
Nab-paclitaxel/Bevacizumab Therapy Caused Regression of Existing Metastases in Advanced BC Models
Metastases is the main cause of mortality from cancer [34] . Because the combined therapy was highly efficacious against advanced primary tumors, we sought to determine its effect on metastases in the same models. The 231-Luc + tumors disseminate primarily through lymphatics [30] , whereas 435-Luc + tumors undergo mainly hematogenous metastasis [16, 35] . Thus, analysis in these two models allows for assessment of the antimetastatic efficacy in tumors disseminating through either route. To this end, mice with tumors of 450 to 600 mm 3 in volume (7-16 mice per group) were treated with saline, 10 or 30 mg/kg of nab-paclitaxel alone or combined with bevacizumab (4 mg/kg). Mice were killed when control tumors reached 1800 mm 3 , followed by measurement of luciferase activity in LN and lung extracts to quantify incidence and metastatic burden, as previously described [16, 30] .
In the 435-Luc + model, positive LN and pulmonary metastases were detected in 12.5% and 100% of control mice, respectively (Figure 3A) . Bevacizumab alone had no effect on either LN or lung metastasis, whereas nab-paclitaxel alone increased, rather than decreased, both incidence and burden of LN metastases ( Figure 3, A and B) . The incidence was raised from 12.5% in the control group to 75% in the group treated by nab-paclitaxel at does of 10 mg/kg (P = .041). A similar trend was detected in mice treated with 30 mg/kg (25% higher than control; Figure 3A) . Importantly, combination therapy suppressed both incidence and LN metastatic burden by reducing it to basal or below basal level. For instance, in mice treated with 10 mg/kg, the mean luciferase activity in LN decreased from 194,126 ± 47,252 RLU/mg protein in chemotherapy-alone group to 0 ± 0 RLU/mg in the combination group (P < .001).
With regard to lung metastasis in the 435-Luc + model, neither incidence nor burden was affected by a single nab-paclitaxel treatment. However, when nab-paclitaxel at the dose of 10 mg/kg was combined with bevacizumab, the incidence and burden of lung metastasis were reduced by 57% and 93%, respectively ( Figure 3, A and  B) . This result was statistically significant (P = .026) compared with either control or nab-paclitaxel alone group ( Figure 3B ). The combination group treated with 30 mg/kg of nab-paclitaxel showed a similar trend in reduction of incidence, but the values did not reach statistical significance.
The effect on LN metastasis was of major interest in this study because it is well established that lymphatic vessels are the primary route for dissemination of BCs [36] . As we previously described [16] and show here (Figure 1) , orthotopically implanted 231-Luc + breast carcinoma line is an excellent model for human BC because it demonstrates 100% incidence of LN metastases in untreated mice. On the basis of the Fisher exact test, the incidence of LN metastasis was not significantly affected by monotherapy with bevacizumab or nabpaclitaxel administrated at either the 10-or the 30-mg/kg dose (Figure 3C , left panel ) . However, the metastatic burden in LN was reduced in groups treated with bevacizumab alone (P = .005) as well as in groups treated with 10 and 30 mg/kg nab-paclitaxel (P = .003 and Neoplasia Vol. 13, No. 4, 2011 Nab-paclitaxel/Bevacizumab Efficacy Againts Large Tumors Volk et al.P = .001, respectively). Importantly, the combination therapy consisting of 30 mg/kg of nab-paclitaxel and bevacizumab eradicated both LN and lung metastases in 83% (10/12) and 58% (7/12) of the mice (n = 12 per group). These results were highly statistically significant compared with either control (P < .002) or 30 mg/kg of nab-paclitaxel alone group (P < .001 and P < .002 for inhibition of LN and lung metastasis, respectively). To assess whether the antimetastatic effect of the combined nab-paclitaxel and bevacizumab therapy was additive or synergistic, we used the CompuSyn software described in the Materials and Methods. The analysis determined a confidence interval less than 0.001 for the effect of the combination therapy on LN metastasis, demonstrating that this effect is highly synergistic compared with nab-paclitaxel or bevacizumab alone. The effects on lung metastasis did not reach synergistic level, possibly because of the relatively low metastatic burden in the lungs at the time of analysis of this model. In summary, the nab-paclitaxel/bevacizumab therapy showed significantly improved antimetastatic efficacy in both models of advanced 435-Luc + and 231-Luc + . The combined therapy was the least efficacious against lung metastasis in the 435-Luc + model, resulting in a reduced incidence by 29% compared with nab-paclitaxel treated mice. The combined therapy was the most efficacious against LN metastasis in the 231-Luc + model, resulting in 83% and 92% reduction in incidence and burden, respectively, whereas the monotherapy of either drug was ineffective.
Effect of Sequence of Drugs' Administration on Efficacy of Combined Therapy
The optimal schedule for sequence of nab-paclitaxel/bevacizumab administration was determined in the 435-Luc + tumor model because this model was more responsive to bevacizumab. Mice bearing 450 mm 3 -sized 435-Luc + tumors were treated with saline (control; group 1) or with nab-paclitaxel (10 mg/kg) and bevacizumab (4 mg/kg) using three distinct regimens outlined in Figure 4A . Group 2 received bevacizumab immediately after cessation of nab-paclitaxel treatment. Group 3 received the antibody concurrently with nab-paclitaxel, and both drugs were terminated simultaneously. Group 4 also received both drugs concurrently, but the bevacizumab therapy continued until the last day of the experiment (118 days).
The results showed that the sequential regimen (group 2) was the least efficacious, suppressing tumor growth by 80% compared with 95% and 98% inhibition in groups 3 and 4, respectively ( Figure 4B ). The superior outcome after concurrent cytotoxic/anti-VEGF-A therapy suggested that VEGF-A is elevated immediately on initiation of therapy and plays an important role in chemoresistance. This hypothesis was supported by comparison of VEGF-A expression in control-and nab-paclitaxel-(10 mg/kg) treated tumors harvested at days 0 to 8 after treatment. Tumors harvested 3 to 5 days after treatment showed significant dose-dependent increases in VEGF-A expression in treated but not in control tumors. Quantitative analysis performed using the ImageJ software showed widespread VEGF-A increase detected in all treated but not the control tumors (Figures 4, C  and D, and W1 ). This suggests that, for optimal results, anti-VEGF-A antibody and chemotherapy should be administrated concurrently.
Basis for Synergistic Effect of Nab-paclitaxel and Bevacizumab Therapy
We next sought to determine the mechanisms underlying the synergistic effects of combined therapy. Paclitaxel and nab-paclitaxel have been previously shown to induce expression of VEGF-A in tumor cells in vitro [16, 37] . Figure 4 shows that nab-paclitaxel also induces VEGF-A tumor cells in vivo. VEGF-A counteracts the efficacy of cytotoxic drugs by promoting tumor cell survival [16] . This effect might be mediated through VEGF-A-dependent activation of the NF-κB pathway [37] that upregulates numerous proteins essential for cell survival [38] . This mechanism might account for a significantly better outcome observed in combination groups.
To test this hypothesis, we first determined activation of the NF-κB pathway by nab-paclitaxel in cultured 231-Luc + cells. Cells were treated with escalating doses of nab-paclitaxel (0-30 nM) for 8 to 48 hours followed by Western blot analysis. Eight hours after exposure to nab-paclitaxel, the expression of phosphorylated p-p50 and p-p65 subunits of the NF-κB as well as Bcl-xL was significantly increased ( Figure 5A ). Later time points (24 and 48 hours) showed significant increases in p-Akt and p-p44/42, although the expression of nonphosphorylated counterparts remained unchanged ( Figures 5A  and W2 ). NF-κB activation by nab-paclitaxel was further confirmed by measuring inflammatory cytokines IL-6 and IL-8, the downstream products of this pathway. Cytokines from the conditioned medium of 231-Luc + cells treated for 72 hours with nab-paclitaxel (2.5-30 nM) were measured using Luminex. Nab-paclitaxel significantly increased expression of both IL-6 and IL-8 in a dose-dependent manner up to maximum of 20-to 22-fold ( Figure 5B ). TNF-α was also increased from undetectable level to 9.5 × 10 3 pg normalized per 1 × 10 6 cells ( Figure 5C ). These findings demonstrate that nabpaclitaxel activates the NF-κB pathway in tumor cells leading to increased expression of IL-6, IL-8, TNF-α, Bcl-2, and Bcl-xL, all of which may trigger reactionary angiogenesis [39] and promote survival of tumor cells [38] .
We next determine whether nab-paclitaxel behaves similarly in vivo. Groups of 231-Luc + -bearing mice (n = 4) with advanced tumors (500 mm 3 ) were treated with nab-paclitaxel (30 mg/kg) followed by analysis on the third, fifth, and eighth days after initiation of the treatment. Tumor lysates and sections were analyzed for the expression of NF-κB and prosurvival proteins using Western blot and immunohistochemistry, respectively. The expression of several inflammatory and prosurvival proteins including p-p50, p-p44/42, p-Akt, Bcl-2, and Bcl-xL has significantly increased after nab-paclitaxel treatment. The highest increase for most targets was on the eighth day after treatment (Figures 6A and W3) . Of all targets, up-regulation of Bcl-2 and Bcl-xL was the most conspicuous, and these targets were confirmed by immunohistochemistry. Control tumors displayed homogenous but weak Bcl-2 expression and strong but sporadically expressed Bcl-xL (Figure 6B, Control ) . Three days after nab-paclitaxel treatment, the expression of both proteins was slightly decreased or unchanged. However, at the fifth and eighth days after treatment, the expression of both proteins was significantly increased ( Figure 6B ). Collectively, these data suggest that chemotherapy-induced expression of VEGF-A followed by activation of the NF-κB pathway play an important role in chemoresistance of advanced tumors.
Discussion
This study demonstrates that combination of nab-paclitaxel and bevacizumab is highly efficacious against advanced orthotopic breast tumor xenografts and preexisting lymphatic and visceral metastases. The improved efficacy of combined therapy was demonstrated by substantial tumor suppression, delayed time to progression, and, in the 231-Luc + model, eradication of both large-sized tumors and metastases. These results provide novel evidence for a mechanism underlying the synergy between two drugs. We show that chemoresistance was due to the up-regulation of VEGF-A followed by the activation of the NF-κB pathway in tumor cells leading to the production of inflammatory cytokines and prosurvival proteins that diminish the chemotherapeutic efficacy. These data provide a basis for combining nab-paclitaxel and anti-VEGF-A therapies to sustain therapeutic gains.
The concept of improving efficacy of chemotherapy by combining with antiangiogenic drugs has been previously shown in several studies [16, 40] . However, most previous studies were performed in mice with small-sized (100-150 mm 3 ) tumors, which precludes direct comparison to our results. We reviewed 65 published studies that assessed chemotherapeutic effects in BC models (Table W1) . Only two previous studies challenged mice bearing tumors larger than 400 mm 3 [41, 42] . We sought to impart a better realism to xenograft models by delaying the treatment until tumors reached 450 to 600 mm 3 . To our knowledge, this is the first report of CR sustainable longer than 100 days occurring in more than 70% of mice bearing advanced (>450 mm 3 ) orthotopic xenografts. Combination therapy also significantly suppressed advanced 435-Luc + tumors, although no CRs were observed. This could be due to the genetic differences between 231-Luc + and 435-Luc + tumors that would be associated with increased resistance to paclitaxel, survival, or metastatic potential. This is indirectly supported by the propensity of 435-Luc + tumors to undergo hematogenous metastasis, which requires a superior ability to survive in the bloodstream [43] . Nevertheless, more than 90% suppression of 231-Luc + and 435-Luc in volume were treated with bevacizumab (4 mg/kg) using three different combination regimens with nab-paclitaxel (10 mg/kg, three cycles of daily for five consecutive days). (A) Schematic illustration of experimental design describing different regimens assessed in this study. Group 1 received three cycles of nab-paclitaxel followed by bevacizumab for the duration of the study, group 2 received bevacizumab concurrent with nab-paclitaxel and both drugs were discontinued at the end of three cycles of nab-paclitaxel, and group 3 received bevacizumab throughout three cycles of nab-paclitaxel and for the duration of the study. (B) Black arrows indicate the start of each cycle of nab-paclitaxel treatment. Data are presented as the mean tumor volume ± SE per group at the indicated days after implantation. Frozen sections from control-(C, top) and nab-paclitaxel-treated (C, bottom) tumors were stained with anti-VEGF-A antibodies and counterstained with 4′,6-diamidino-2-phenylindole to visualize the nuclei. Images were acquired at a constant exposure setting and total fluorescent intensity of VEGF-A staining from control (D, top) and treated (D, bottom) tumor sections was plotted using the ImageJ software as described in the Materials and Methods. Fluorescent intensity plots of representative images in (C) are shown. All images were acquired at a magnification of ×200.
represent significantly improved outcome in both models than is typically reported for combined Cremophor-based paclitaxel/anti-VEGF-A therapy [17] .
Metastatic BC is currently considered incurable [44] [45] [46] , with a median survival of 18 to 24 months [45] , and palliative treatment is offered as the only option [46] . We show that the combined nabpaclitaxel/bevacizumab therapy significantly suppressed or eradicated preexisting lymphatic and pulmonary metastases in mice bearing 450 to 600 mm 3 human breast xenografts. Eradication of preexisting metastases demonstrated in these orthotopic advanced BC models challenges the current dogma of incurability of metastasis and suggests that this strategy may cure patients with advanced metastatic disease.
The ability of anti-VEGF-A antibody to suppress the prometastatic effect of chemotherapy suggests that VEGF-A is primarily responsible for the paclitaxel-induced prosurvival effects. Nab-paclitaxel-dependent induction of VEGF-A has been previously demonstrated in our studies [16] and confirmed by other groups [37] . Currently, the mechanisms leading to VEGF-A up-regulation by paclitaxel and the consequences of VEGF-A signaling for tumor recurrence are poorly understood. We hypothesized that chemotherapy-induced VEGF-A might also participate in the hyperactivation of the NF-κB pathway in tumor cells as well as being a product of NF-κB activation. We show here that exposure to nab-paclitaxel correlates with activation of the NF-κB as demonstrated by the overexpression of its target inflammatory and prosurvival proteins including IL-6, IL-8, TNFα, Bcl-2, and Bcl-xL (Figures 5 and 6 ). This is consistent with a wealth of reported evidence demonstrating NF-κB activation in tumor cells by various chemotherapeutic drugs including Cremophor-based paclitaxel [47] [48] [49] . Paclitaxeldependent increased expression of NF-κB-dependent inflammatory [47] and prosurvival proteins [49] has been widely reported in various tumor lines. NF-κB activation in tumor lines has been shown to correlate with the up-regulation of VEGF-A [9, 16] , p-Akt [49] , Bcl-2, and Bcl-xL [50] ; increased tumor cell survival [51] ; metastasis [52] ; and resistance to chemotherapy [51] . Our data show that nab-paclitaxel is similar to Taxol and other cytotoxic drugs with regard to increasing the functional capacity of the NF-κB and its consequences for tumor progression. On the basis of these reports and the data presented here, we postulate that the tumor-promoting effects of nab-paclitaxel, including resistance to apoptosis and increase in metastasis, are due to VEGF-A-induced and NF-κB-mediated signaling that prevents cytotoxic cell death whereby resisting chemotherapy. Consequently, depletion of VEGF-A concurrently with chemotherapy eliminates the first stimulus for NF-κB activation, thus permitting the full potential of a cytotoxic drug to materialize.
Conclusions
In summary, we show here that nab-paclitaxel/bevacizumab therapy eradicates large orthotopic breast tumors and preexisting LN and pulmonary metastases. The optimal results were achieved by concurrent but not sequential bevacizumab administration, implicating VEGF-A as an immediate response factor for resistance to chemotherapy. Low doses of chemotherapy were largely ineffective against advanced primary tumors and occasionally increase metastases. The mechanism of resistance to nab-paclitaxel involves activation of the NF-κB pathway in malignant cells that increased production of inflammatory mediators and prosurvival Bcl-2 and Bcl-xL proteins. This study suggests that two major factors in prevention of tumor recurrence are efficient delivery of cytotoxic drugs and concurrent suppression of chemotherapy-activated prosurvival traits endowed by VEGF-A initiated activation of the NF-κB pathway. The high efficacy of this approach against large metastatic BC xenografts strongly advocates for adapting nab-paclitaxel/bevacizumab regimen in the clinics.
